Obesity is considered one of the major public health challenges of modern times and 51 has been linked to various comorbidities, such as metabolic syndrome, type 2 diabetes, cancer, 52 stroke (Schelbert, 2009 ) and infertility (Pasquali, Patton, & Gambineri, 2007) . Obese women 53 have an increased risk of menstrual dysfunctions and anovulation, pregnancy complications, 54 and poor reproductive outcome (Dağ & Dilbaz, 2015) . In mouse models, obesity is 55 characterised by lipid accumulation in the ovary and ensuing lipotoxicity (Unger & Zhou, 56 2001 ) and oxidative stress (Robker, Wu, & Yang, 2011) . Nonetheless, the exact mechanisms 57 underlying ovarian pathogenesis in the course of obesity remain uncharacterised. 58
Leptin is a cytokine mainly secreted by the adipose tissue (adipokine) in large amounts 59 during obesity (Friedman & Halaas, 1998; Maffei et al., 1995) . Leptin controls food intake 60 through its action at the central nervous system (Vaisse et al., 1996) ; however, as a pleiotropic 61 cytokine, leptin contributes to the regulation of numerous processes in the body, such as the 62 immune response (Cava & Matarese, 2004) , angiogenesis (Sierra-Honigmann et al., 1998), or 63 insulin-mediated events in the liver (Szanto & Kahn, 2000) . Concerning the reproductive tract, 64 leptin was shown to control the neuroendrocrine reproductive axis (Louis et al., 2011 , Quennell 65 et al., 2009 ) and folliculogenesis (Panwar, Herrid, Kauter, & McFarlane, 2012) . Furthermore, 66 leptin has been linked to ovulation (L. Dupuis et al., 2013) and embryo development (Herrid, 67 Nguyen, Hinch, & McFarlane, 2006) . Leptin is detected in most cell types in the murine ovary, 68 with the highest staining seen in the oocyte (Ryan et al., 2002) . The leptin receptor b (ObRb) is 69 a type I cytokine receptor, which signals through association with the tyrosine kinase Janus 70 kinase 2 (JAK2). Upon leptin binding and dimerization of the receptor, JAK2 is recruited 71 (Kloek et al., 2002) , mediating the phosphorylation of three conserved tyrosine residues on the 72 intracellular domain of the receptor: tyrosine (Tyr) 985, Tyr1077 and Tyr1138. Subsequently, 73 signalling molecules are recruited to these activated tyrosines (Banks, Davis, Bates, & Myers, 74 2000; Gong et al., 2007) . As a consequence, the signal transducer and activator of transcription 75 the same markers previously assessed in the DIO experiment. The first timepoint indicated a 137 consistent decrease in transcript abundance of Obrb, Stat3, Ptp1b ( 
Responses of different ovarian compartments to leptin signalling 154
Next, we sought to characterise the extent to which various ovarian components 155 responded differently to increased circulating leptin. The results above suggested that SOCS3 156 could be an important player in establishment of leptin resistance in the ovary of obese mice. 157
Thus, we examined SOCS3 protein in ovaries of DIO, LEPT and the genetically obese model: 158 mice with a mutation in the obese (ob) gene, on the C57BL/6J background (B6.Cg-Lep ob /J -159 ob/ob). Immunohistochemistry (IHC) revealed expression of SOCS3 in oocytes from 160 primordial, primary, secondary and antral follicles ( Figure 3B -F, respectively); in addition, 161 stromal compartment enriched in theca cells (TC) and granulosa cells (GC) from the respective 162 follicles were stained, as well as the ovarian stroma ( Figure 3D -F). Importantly, we compared 163 the IHC staining of SOCS3 and PTP1B in 16 wk HFD ovaries, which suggested that SOCS3 is 164 the major ObRb inhibitor being expressed in the oocyte and granulosa cells, as PTP1B protein 165 was not detected in the oocyte (Figure 3-figure supplement 1). As a control for the specificity 166 of the IHC data, we used immunofluorescent (IF) confocal microscopy on sections from 167 homozygous ob/ob (-/-) ovaries, observing a weaker intensity of SOCS3 in both oocyte and GC 168 ( Figure 3N , 3P) compared to wild type (+/+) ( Figure 3M , 3O). These IF results confirmed the 169 specificity of the staining, since SOCS3 is expected to be less abundant in the ob/ob mouse 170 (Duan et al., 2007) . Furthermore, we also inferred that impaired leptin signalling in the ovary is 171 likely to have direct implications for the oocyte, since the gamete was shown to express 172 SOCS3. Importantly, when we compared the transcription of leptin signalling mediators in 173 whole ovary and TC, we found that Socs3 mRNA was increased ( Figure 3Q ). 174 175
Cumulus cell transcriptome analysis: leptin versus diet induced obesity 176
Next, we analysed the transcriptome of CCs from LEPT, 4 wk DIO and 16 wk DIO 177 protocols. For this analysis, we selected the 16 wk HFD group based on a BW of >35g, 178 separated from the BWs of CD controls and from the 4 wk HFD group by at least 10g. After 179 1 1 9 Table 9 ). More specifically, the genes Lipocalin (Lcn) 2, Annexin a11 (Anxa11) and Glucose-258 6-phosphate dehydrogenase x-linked (G6pdx) were amongst the most significant ones ( Figure  259 6A). Consistently, the GO terms associated with the 177 downregulated genes in both 260 protocols were metabolism and gene expression regulation ( Figure 6A ; Supplementary file 9 261 Figure 6B ), which could indicate epigenetic dysregulation. 265
Another important effect attributed to LEPT in early obesity was the inhibition of genes 266 mediating actin-cytoskeleton reorganisation ( Figure 6C ; Supplementary file 9 Table 9 ). Indeed, 267 cell trafficking and nutrient mobilisation to the oocyte, as well as the uptake of signalling 268 molecules from the oocyte, is fundamental for COCs expansion and oocyte maturation (Russell, 269 Gilchrist, Brown, & Thompson, 2016a) . Furthermore, we assessed the potential impact of 270 leptin on genes involved in CC metabolism, and verified the role of leptin on glucose 271 metabolism ( Figure 6D ) and fatty acid oxidation ( Figure 6E ), which was reflected by the 272 similarities between LEPT and 4 wk HFD. Here, we questioned how lack of leptin singling can 273 be detrimental metabolically. For instance, the oocyte is unable to metabolise glucose due to 274 low phosphofructokinase activity (Cetica, Pintos, Dalvit, & Beconi, 2002) , highlighting the 275 importance of CCs glycolytic activity in the generation of pyruvate (Thompson, Lane, & 276 Gilchrist, 2007) . This function appeared to be decreased in 16 wk HFD, which could be the 277 result of the establishment of leptin resistance in the ovary. As a consequence, the transport of 278 pyruvate into the oocyte would be decreased, which could directly impact the tricarboxylic acid Table 11 ). The most significantly deregulated gene (FDR = 0.0002) at 4 301 wk HFD was MICAL Like (Micall) 1, which codes for a lipid-binding protein with high affinity 302
for phosphatidic acid and is responsible for the regulation of membrane trafficking (Abou-Zeid 303 et al., 2011). Accordingly, another gene inhibited during early obesity in CCs was Dynein 304 cytoplasmic 1 heavy chain (Dync1h) 1, involved in protein transport, positioning of cell 305 compartments, and movement of structures within the cell (Vaisberg, Grissom, & McIntosh, 306 1996) . These functions seem to be key for the complex homoeostasis of COCs, once the oocyte 307 depends on metabolite transfer from CCs for nuclear maturation (Uyar, Torrealday, & Seli, 308 2013) . At 16 wk, we also saw a strong inhibition of Collagen (Col) 6a3, which binds 1 3 hyaluronan and other components of the extracellular matrix (ECM) (Adriaenssens, Mazoyer, 310 Segers, Wathlet, & Smitz, 2009), and is responsive to epidermal growth factor (EGF) mediated 311 CC expansion (Dunning et al., 2015) . Thus, it is likely that exchanges between CCs and the 312 oocyte could be affected already early in obesity, which poses major concerns for oocyte 313 quality. Only three genes were significantly upregulated throughout DIO ( Figure 8B ), in 314 particular the retinoblastoma binding protein (Rbbp) 8. Then, we looked up for genes with an 315 opposing profile that could reflect dynamics of changes in the ovary in the course of obesity. 316
Among the 10 genes upregulated at 4 wk and downregulated at 16 wk HFD we found Annexin 317 (Anxa) 11, which is known to be involved in transmembrane secretion (Mirsaeidi, Gidfar, Vu, 318 & Schraufnagel, 2016) (FDR<0.02, Figure 8C , Supplementary file 11 Table 11 ). Furthermore, 319
the Activating transcription factor 7-interacting protein (Atf7ip) and Exportin (Xpo) 5, known 320 to mediate gene silencing (Supplementary file 11 Table 11 ), were also identified. Atf7ip is an 321 important transcriptional regulator that can act either as an activator or a repressor, depending 322 on the context, and was shown to be required for Human Silencing Hub Table 11 ). Finally, a total of 694 DEGs were 336 downregulated in both protocols, mainly linked to metabolism and transcription. Generally, 337 this analysis revealed dramatic changes in gene expression in the ovary during obesity 338 progression, identifying the chronology of molecular events occurring in CCs. 339
340

DISCUSSION 341
The present study characterises the molecular mechanisms underlying establishment of 342 leptin resistance in the ovary of DIO mice. Furthermore, we validated a model with increased 343 circulating levels of leptin -pharmacologically hyperleptinemic mouse -to pinpoint the 344 exclusive effects of leptin-SOCS3 hyperactivation in the ovary. Finally, making use of 345 sensitive methods for reduced-cell number RNA-seq, we studied the transcriptome of the 346 somatic cells surrounding the oocyte from the groups LEPT, 4 wk and 16 wk DIO. 347
Leptin is a major adipokine that was initially linked to satiety (Friedman & Halaas, 348 1998 could jeopardise oocyte maturation and fertility during obesity. Importantly, we observed that 383 SOCS3 staining in the oocyte originated mainly from ObRb activation, since the ob/ob mouse 384 presented much weaker staining. This is suggestive of a direct impact of ovarian leptin 385 signalling disruption on the oocyte. Indeed, at 16wk DIO, we observed different levels of 386
Socs3 transcribed in various ovarian components. Our RNAseq data revealed that Socs3 was 1 6 increased at 4wk HFD, but decreased at 16wk HFD in CCs, whereas in the stroma/TC 388 compartment it was upregulated in late obesity. This may indicate blunted ObRb signalling in 389
CCs at 16wks HFD, once the transcription of major components of the pathway was inhibited 390 ( Figure 6 -figure supplement 1A) . Therefore, leptin signalling in CCs seems to be very 391 sensitive to obesity. This presents major implications for the oocyte, once the gamete is unable 392 to use glucose and entirely depends on the metabolic performance of CCs for maturation 393 (Sugiura, Pendola, & Eppig, 2005) . 394
Having an understanding of the impact of obesity on leptin signalling in ovarian 395 compartments, we then analysed the transcriptome of CCs isolated from LEPT, 4wk and 16wk 396 DIO models. The use of the pharmacologically hyperleptinemic model allowed us to dissect 397 the contribution of overactivation of ObRb in the major changes taking place in CCs during 398 obesity. In 4 wk HFD, through activation of the JAK-STAT cascade, increased leptin seemed 399 mainly to impair cellular trafficking and paracrine transfer of macromolecules. This is known 400 to be a crucial process for the metabolic cooperation between the oocyte and somatic cells 401 in granulosa cells, leptin could be affecting the paracrine exchanges between oocytes and 410 somatic cells, an instrumental system for oocyte maturation (Li & Albertini, 2013) . Indeed, the 411 oocyte is in extreme need of the metabolites generated in CCs, but also signalling factors such 412 as growth differentiation factor (GDF) 9 secreted by the oocyte and required to orchestrate the 2010), particularly innate immunity through IL6 has been described before. Consequently, the 427 detrimental effect of obesity can be related to increased leptin signaling at 4 wk HFD, but most 428 certainly through its failure at 16 wk HFD ( Figure 6-figure supplement 1A) . 429
In the final study we characterised the timing of the changes in gene signature in CCs 430 throughout obesity. It was reassuring to see amongst the DEGs in both 4 wk and 16 wk DIO 431 the processes initially impaired through downregulation of gene expression were cell 432 membrane trafficking and ECM organisation, corroborating our previous findings. Then other 433 genes presented a bimodal behaviour, such as Atf7ip, which was increased at 4 wk HFD and 434 decreased at 16 wk HFD. The protein encoded by this gene is known to partner with SET 435 Domain Bifurcated Histone Lysine Methyltransferase (SETDB) 1, and mediate methylation of 436 lysine 9 of histone H3 (H3K9me), a hallmark of repressed heterochromatin (Becker, Nicetto, & 437 Zaret, 2016). As previously characterised, together with TASOR, M-Phase Phosphoprotein 438 (MPP) 8, and Periphilin, they form the HUSH complex, which deposits H3K9me3 and 1 8 mediates transcriptional repression at heterochromatic loci (Tchasovnikarova et al., 2015) . 440 Importantly, the level of the gene Tasor was significantly downregulated in LEPT and 4 wk 441 HFD, suggestive of changes in H3K9me3 distribution in these cells, which deserves further 442 attention. Furthermore, in LEPT and 4 wk HFD, there were additional epigenetic modifiers 443 amongst DEGs, Dnmt3a, further evidence for the potential for epigenetic changes in these cells 444 during obesity. Finally, amongst the three genes inhibited at 4 wk HFD but activated at 16 wk 445 HFD, we found Rhou, a gene that regulates cell morphology (Tao et al., 2001) . Considering 446 also the high expression level of inflammatory mediators at this stage, the activated pathways 447 may well be an outcome of lipotoxicity previously described in the obese ovary (Linda Lin-448
Yan Wu et al., 2010) . Thus, during obesity ovarian cells are trying to accommodate the surplus 449 of lipid compounds, which is likely to activate mechanisms of cellular reorganisation. Overall, 450 early changes in CC transport, gene expression and epigenetic regulation are followed by 451 mounting inflammatory pathways and cellular rearrangement to accommodate the lipid surplus. 452
In conclusion, we show that in the obese ovary inhibition of ObRb is mediated by 453 SOCS3, which blocks pTyr985, pJAK2 and pSTAT5. Furthermore, we detected SOCS3 in the 454 oocyte, highlighting the potential importance of local leptin signalling for oocyte quality. We 455 also revealed that an obesogenic environment does not affect various ovarian compartments 456 uniformly: CCs responded differently than the TC/stroma compartment to leptin signalling and 457 thus could develop leptin resistance more rapidly. Of particular note, we showed that global 458 transcriptome of CCs correlated globally with the BW. Finally, RNA-seq analysis of CCs 459 showed not only major changes in gene signatures in early (4 wk HFD) and late (16 wk HFD) 460 obesity, but also how leptin is contributing to those changes. At 4 wk HFD, leptin supported 461 the upregulation of pathways like glucose metabolism, but was also inhibiting key functions 462 such as gene expression and epigenetic regulation, as well as cytoskeleton organisation. In order to determine the level of SOCS3 in ovarian extract, ELISA test was performed (ELISA 646 KIT for SOCS3; cat no SEB684Mu, Cloud-Clone, Katy, Texas, USA). Briefly, the tissue was 647 minced in lysis buffer, centrifuged (10000g, 5min, 4 o C) and the protein concentration in the 648 lysate was determined in BCA test. After performing ELISA test, the SOCS3 concentration was 649 normalised for the equal amount of protein. Table 3 . This file contains list of genes and associated pathways upregulated and downregulated in cumulus cells from hyperleptinemic mice. Table 4 . This file contains list of genes and associated pathways upregulated and downregulated in cumulus cells from mice after 4 weeks of diet-induced obesity Supplementary file 5 Table 5 . This file contains list of genes and associated pathways upregulated and downregulated in cumulus cells from mice after 16 weeks of diet-induced obesity Table 9 . This file contains list of common genes and associated pathways upregulated and downregulated in cumulus cells from hyperleptinemic mice and from mice after 4 weeks of diet-induced obesity. 
Supplementary file 4
Figure 7 -Network revealing interactions between leptin signalling components and DEGs for LEPT and 4 wk DIO.
A co-expression network was constructed using the pairwise correlations (r > 0.9) between genes of the leptin signalling pathway and DEGs for LEPT and 4 wk DIO. The network was partitioned into clusters using Glay community clustering, which identified 12 clusters (A). The network was also subjected to biological function enrichment using using ClueGo (B).
The following supplementary file is available for figure 7:
Supplementary file 10 Table 10 . This file contains list of pathways associated with the clusters described for the DEGs in cumulus cells from LEPT and 4 wk DIO. The following supplementary file is available for figure 8: Supplementary file 11 Table 11 . This file contains list of common genes and associated pathways upregulated and downregulated in cumulus cells from mice after 4 and 16 weeks of diet-induced obesity. 
